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Summary 
Highly reactive, and potentially damaging, free radicals are readily generated in our oxygen-
rich environment, and are ubiquitous in biological systems. However, plants and animals have 
evolved protection against them with a range of antioxidant molecules, such as vitamins C 
and E, many of which are phenolic compounds. These stop the destructive chain reaction of 
free radical formation by being transformed into unreactive, stable free radicals. The 
biodegradation of food involves oxidation by free radicals, and is retarded by antioxidants. 
Similarly, the biodegradation of plant residues in soils involves free radicals; so the questions 
arise: 1) do soils have antioxidants, and 2) what function might they have? The evidence 
suggests that they probably do antioxidants. First, plant and animal remains added to soils will 
contain antioxidants. These are likely to persist for a time, particularly tannins, which are 
polyphenolic compounds with known antioxidant properties and which are relatively resistant 
to degradation. Second, studies using electron spin resonance spectroscopy have shown that 
humic materials contain stable semiquinone free radicals, and that their concentration 
increases as humification progresses. These semiquinone species are most likely to be derived 
from the reaction of phenolic compounds with reactive radicals. If this is the case, the 
phenolics are acting as antioxidants, because they are scavenging the reactive free radicals 
and terminating the oxidative chain reaction responsible for soil organic matter (SOM) 
degradation. Thus the soil’s antioxidant capacity could control the rate of breakdown of 
organic matter in the more labile pools and could provide a chemical mechanism for the 
recalcitrance of SOM. Current available evidence for the nature of the recalcitrant pool in 
SOM is discussed in the light of this hypothesis, and the experimental approaches necessary 
for testing it are outlined. 
 
 
 3 
 
Free radicals, antioxidants, and biodegradation 
The role of free radicals in human physiology has been studied for at least 50 years 
(Chaudière, 1994). The radicals of importance are: OH· (hydroxyl), O2·- (superoxide), ROO· 
(peroxyl). These are essential intermediates in the metabolic pathways of living cells. 
However, they are also potentially harmful if not controlled by a range of antioxidants, such 
as vitamin E and superoxide dismutase. Oxidative stress and damage to cells arises when 
there is an excess of oxidants over antioxidants. Much medical research has focussed on the 
role of antioxidant nutrients in reducing the risk of heart disease and cancer (Rice-Evans & 
Burdon, 1994). 
 In plant biology free radicals, and the antioxidants that control them, have also been 
the subject of much recent research (Smirnoff, 2002). For example, it is known that oxidative 
damage in plants is increased by other stresses, such as pollution, drought and temperature 
extremes. In the hope of increasing stress resistance, attempts have been made to produce 
transgenic plants which over-express antioxidant enzymes (Samis et al., 2002). 
Stored food deteriorates by oxidation processes, which are controlled by antioxidants. 
In particular, fats and oils become rancid by an oxidative process involving free radicals. 
While vegetable oils naturally contain vitamin E, which helps with their preservation, many 
other fats and fatty foods do not. The latter often have artificial antioxidants, such as BHT 
(butylated hydroxytoluene), added to them during processing in order to reduce the spoilage 
(Gaman & Sherrington, 1990). 
 As biodegradation is an oxidation process in aerobic environments, antioxidant 
molecules slow down biodegradation. Is this happening in soils, or more specifically: do soils 
contain antioxidants and do these influence the rate of breakdown of soil organic matter? It is 
proposed that the antioxidant capacity of soil could have a significant effect on the rate of 
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organic decomposition and provide an explanation for the recalcitrance of humified soil 
organic matter.  
 
Antioxidants in plant residues 
Plants and animals contain a variety of antioxidants. These antioxidants will be incorporated 
when their remains are recycled through the soil. But there is little evidence for how long they 
persist in the soil. Most are likely to undergo biodegradation; but one group of compounds, 
tannins, which have antioxidant properties, are known to be relatively resistant. 
Tannins are an important plant biochemical, and estimated to be the fourth most abundant 
after cellulose, hemicellulose and lignin (Kraus et al., 2003).  
Like lignins, tannins are polyphenolic compounds, which are resistant to degradation, 
although some fungi are able to decompose them by enzymatic hydrolysis (Makkar et al., 
1994). Tannins in leaf litter slow down the rate of decomposition and are good indicators of 
litter quality in respect of N release (Constantinides & Fownes, 1994). They thus affect soil 
organic matter decomposition and are associated with the accumulation of ‘mor’ humus 
(Coulson et al., 1960). It has been shown that tannins are antioxidants (Hagerman et al., 1998). 
Does this account for their resistance to biodegradation and the slowing of the rate of 
decomposition of leaf litter containing them? 
 
Humification and free radicals 
The process of humification, by which organic materials in soils become stabilized, involves 
the breakdown of plant and animal residues into products, such as sugars, amino compounds, 
and quinones, which were thought to recombine by polymerization reactions to form humic 
substances (Stevenson, 1994). However, attempts to demonstrate that these reactions actually 
take place under the ambient temperatures of soils have largely failed. Current thinking is that 
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‘organic matter degradation appears to be predominantly a process of attrition, during which 
relatively resistant biochemicals are selectively concentrated’ (Hedges et al., 2000).  This is in 
line with the work of Piccolo (2001), which has shown that humic substances are not large 
polymers, but compounds with relatively small molecular masses.   
Free radicals play an important role in organic matter degradation and their 
involvement in the breakdown of lignin has been studied in some detail (Hammel et al., 2002). 
Lignin is a polyphenolic compound and depolymerization is an essential part of the 
degradation process. This is achieved by the action of specialized lignin-degrading fungi and 
involves enzymatic hydrolysis and oxidation by hydroxyl, and possibly other, free radicals 
(Hammel et al., 2002). The quinones that are produced in humification are likely to have been 
derived from the fungal depolymerization of polyphenols, such as lignin. 
Studies using electron spin spectroscopy (ESR) spectroscopy have shown that humic 
substances contain stable organic free radicals (Senesi & Steelink, 1998). Numerous 
investigations have confirmed that the radical is a semiquinone moiety, as originally proposed 
by Steelink & Tollin (1962). Riffaldi & Schnitzer (1972) and Schnitzer & Levesque (1979) 
provided evidence from ESR measurements showing that the degree of humification was 
positively correlated with the concentration of free radicals.  
Thus it appears that, at least in part, humification proceeds by the action of reactive 
free radicals, such as hydroxyl, on phenol-containing materials such as lignins causing 
depolymerization. In order to form the stable semiquinone radicals present in soil organic 
matter, reactive free radicals must be scavenged, and the oxidative chain reaction thereby 
terminated. The scavenging compounds, which are likely to be phenolic, are acting as 
antioxidants in scavenging the reactive free radicals and are able to protect the soil organic 
matter from further degradation. These reactions provide a mechanism for understanding, 
from a chemical viewpoint, how the recalcitrant SOM pool is formed. 
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Recalcitrance of soil organic matter 
Modelling of the turnover of organic materials added to cultivated soil suggests that they will 
remain there for about 70 years on average (Six & Jastrow, 2002). This, however, masks a 
wide range of residence times for individual components of the material. Some substances 
may be completely degraded in less than a year; while other materials are relatively resistant 
and may stay unaltered for long periods, or be transformed into humic substances, which can 
remain in the soil for hundreds of years (Six & Jastrow, 2002). Long-lived soil organic matter 
(SOM) is described as recalcitrant. The recalcitrance of SOM is thought to arise from one or 
more of the following: physical protection within the mineral matrix; stabilization by 
formation of complexes with clay minerals; chemical characteristics of the material, which 
confer resistance to biodegradation (Sollins et al., 1996). 
  Evidence from 13C NMR studies seems to suggest that carbohydrates are 
readily degraded, whereas carbon in aromatic structures is less biodegradable (Kiem et al., 
2000). A similar conclusion about carbohydrates was reached by Baldock et al. (1997); but 
they found that the evidence for aromatic carbon compounds was variable. They attributed 
this variability to the extent of the activity of lignin-degrading fungi. Lignin is a major 
component of plant residues and a complex aromatic compound, which is known to be more 
resistant to biodegradation than carbohydrates. In a further study on the nature of the 
recalcitrant carbon pool, Kiem & Kögel-Knabner (2003) assessed the contribution of lignin 
and polysaccharides. Their evidence indicated that lignin did not accumulate in the 
recalcitrant carbon pool of arable soils, which did contain polysaccharides of microbial origin 
associated with fine mineral material.  
 Rovira & Vallejo (2002) found that during the decomposition of various plant 
materials in soil over a 2-year period, the ratio of carbohydrate C to polyphenol C decreased 
strongly in one of the two ‘labile  pools’.  In the same study, NMR spectra of the recalcitrant 
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pool showed prominent peaks corresponding to alkyl C, while the aromatic zone was much 
less apparent.  
 In conclusion, while aromatic compounds in general, and phenolics in particular, are 
less readily degraded than many aliphatic compounds, the evidence suggests that they do not 
survive to become a major component of the recalcitrant pool of carbon.  
 
Measuring the antioxidant capacity of soils 
The methods used to measure antioxidant capacity are based on the ability of the material to 
scavenge particular free radicals, such as hydroxyl or peroxyl. This means that different 
methods produce different answers, and the method chosen should be the one for the free 
radical most likely to be important in a particular system. However, this is often not known, 
and a simplified procedure based on a stable radical such as ABTS (2,2-azinobis-(3-
ethylbenzothiazoline-6-sulphonate)) can be used as a general purpose method. 
Sanchez-Moreno (2002) considered a diverse range of methods used to evaluate free 
radical scavenging (i.e. antioxidant) activity. Seven principal methods for scavenging activity 
were considered, and these were based on: (a) superoxide radical, (b) hydrogen peroxide, (c) 
hypochlorous acid, (d) hydroxyl radical, (e) peroxyl radical, using azo compounds to produce 
the radical, (f) the stable radical cation ABTS and (g) the stable radical DPPH (2,2-diphenyl-
1-picrylhydrazyl) and the radical cation DMPD (N,N-dimethyl p-phenylenediamine). It was 
concluded that there was a need to standardize methods, and also to develop more specific 
ones, which would give information related directly to the oxidation processes involved. 
 All of the above methods require that the antioxidant material is in solution, and 
therefore an extraction procedure would be required if they are to be applied to soils. It is 
uncertain which extraction methods are likely to be most effective, and there is a danger that 
the extraction procedure would affect the reactivity of the compounds. Moreover, it is likely 
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that some antioxidant capacity is incorporated into insoluble macromolecules of SOM, and so 
it will be necessary to development new methods of in-situ analysis or alternative approaches, 
which are indirect. 
 
Concluding discussion 
The proposed approach, based on free radicals and antioxidants, provides a mechanism for the 
processes involved in soil organic matter dynamics, and for the chemical recalcitrance of 
SOM in particular. Current thinking is that the recalcitrant pool is made up of residual bio-
macromolecules which are relatively resistant (Hedges et al., 2000). This does not provide a 
general mechanism for their resistance, but rather emphasises the analytical tools that will 
allow the materials to be characterised in a molecular sense. There is a need to provide an 
alternative to this approach, which has concentrated on applying increasingly sophisticated 
instruments to unravel the structure of humic materials and the recalcitrant pool of SOM. If 
we are to make progress in understanding the chemical processes involved in recalcitrance, 
then we should be seeking a more clearly process-based approach. This hypothesis ‘that the 
protection of SOM from oxidation is linked to the action of antioxidants’ is offered for testing; 
but it will require the development of suitable methods for the measurement of antioxidant 
capacity in soils. 
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